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The LIGO/Virgo Collaboration has recently observed GW190521, the first binary black hole merger
with at least the primary component mass in the mass gap predicted by the pair-instability supernova
theory. This observation disfavors the standard stellar-origin formation scenario for the heavier black
hole, motivating alternative hypotheses. We show that GW190521 cannot be explained within the
Primordial Black Hole (PBH) scenario if PBHs do not accrete during their cosmological evolution,
since this would require an abundance which is already in tension with current constraints. On
the other hand, GW190521 may have a primordial origin if PBHs accrete efficiently before the
reionization epoch.
Introduction. The observation of gravitational
waves (GWs) from the merger of massive black
holes (BHs) detected by the LIGO/Virgo Collaboration
during the O1 and O2 [1], and the recent events in
the third observation run O3 [2, 3], have resumed the
interest in understanding the origin of the merging BH
population [4]. A fascinating possibility is represented
by PBHs, whose formation took place in the early stages
of the universe (see Ref. [5] for a review), and that
can comprise a significant fraction fPBH of the dark
matter (DM) [6, 7]. The possible primordial origin of
at least some of the GW events has motivated several
studies on the confrontation between the PBH scenario
and the GW data [6–15].
The recent release of the event GW190521 [16], de-
scribing the coalescence of two BHs with masses M1 =
85+21−14M and M2 = 66
+17
−18M, has assigned to PBHs
even more relevance due to the so-called mass gap ex-
pected between about 65M and 135M in the spec-
trum of population I/II stellar-origin BHs. On the one
hand, pulsational pair instability (originated from unsta-
ble massive stellar cores due to the production of electron-
positron pairs at high temperature) makes stars with a
helium core mass in the range ∼ (32 ÷ 64)M unstable.
On the other hand, massive stars can avoid disruption
by pair-instability supernovae and lead to the formation
of a population of intermediate mass BHs with masses
above ∼ 135M. However, such a direct collapse process
requires a very high stellar mass (& 200 M) and a very
low metallicity (typical of population III stars) [17–26].
Furthermore, it is not excluded that BHs with masses in
the mass gap might have an astrophysical origin due to
hierarchical coalescence of smaller BHs [27–32] or via di-
rect collapse of a stellar merger between an evolved star
and a main sequence companion [33, 34]. Finally, BHs
in the mass gap could be explained by beyond Standard
Model physics that reduces the pair instability [35].
To understand if GW190521 may have a primordial ori-
gin, one has to assess whether the corresponding merger
rate is in agreement with the observed one and with the
corresponding value of fPBH allowed by the current ex-
perimental constraints (see Ref. [36] for a review on this
topic). We will carry out our analysis for two different
scenarios: i) the PBH mass function is determined only
by the event GW190521; ii) the PBH mass function is
determined along the lines of Ref. [37], i.e. assuming
all the events detected so far by LIGO/Virgo (including
GW190521) are originated by the merger of PBHs.
Mass function with and without accretion. In this sec-
tion we briefly review the main theoretical predictions for
the PBH mass function. We refer to Refs. [37, 38] for
technical details. Several models have been proposed in
the literature to describe how PBHs are formed. One of
the most likely scenarios is based on the collapse of size-
able overdensities in the radiation dominated epoch [39–
43]. The characteristic properties of the density pertur-
bations (arising from curvature perturbations generated
during inflation) are imprinted in the PBH mass distri-
bution, whose shape, at formation redshift zi, is often
parametrised by a lognormal function
ψ(M, zi) =
1√
2piσM
exp
(
− log
2(M/M∗)
2σ2
)
(1)
in terms of its central mass M∗ and width σ. (We shall
use the label “i” to indicate quantities at formation time.)
This mass distribution typically arises from a symmetric
peak in the curvature power spectrum [44, 45].
If accretion during the PBH history is inefficient, the
mass function in Eq. (1) describes the PBH population
at the time of merger. In the case in which accretion
is relevant, however, such mass function must be prop-
erly evolved [46–48]. Indeed, throughout the cosmological
history, PBHs in binaries may be affected by periods of
baryonic mass accretion for masses larger than O(10)M,
in which the whole binary system is responsible for gas
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2infall provided its corresponding Bondi radius is bigger
than the typical size of the binary [37, 38]. This implies
that both PBHs experience gas accretion with individual
variations dictated by the respective masses and orbital
velocities, as [37, 38]
M˙1 = M˙bin
1√
2(1 + q)
, M˙2 = M˙bin
√
q√
2(1 + q)
, (2)
depending on the binary mass ratio q ≡M2/M1 ≤ 1 and
the binary’s Bondi-Hoyle mass accretion rate
M˙bin = 4piλmHngasv
−3
eff M
2
tot, (3)
in terms of the binary effective velocity veff relative to
the baryons with cosmic mean density ngas and the hy-
drogen mass mH . The accretion parameter λ keeps into
account the effects of gas viscosity, Hubble expansion,
and the coupling of the CMB radiation to the gas through
Compton scattering [46]. Current limits on the fraction
of the DM comprised by PBHs, with masses larger than
O(M), indicate that an additional DM halo is expected
to form around the compact systems, acting as a cat-
alyst that enhances the gas accretion rate [47, 49, 50].
This crucial effect is accounted for in the parameter λ
(see App. B of Ref. [38] and references therein for fur-
ther details). We account for the sharp decrease in the
accretion efficiency around the epoch of structure forma-
tion [9, 11, 51] and for other uncertainties in the model
(such as X-Ray pre-heating [52], details of the structure
formation and feedbacks of local, global [47, 53] and me-
chanical type [54]) by setting a cut-off redshift zcut-off = 10
after which we neglect accretion. Based on previous de-
tailed investigation [37, 38], we consider zcut-off = 10 as
a benchmark case to study the impact of accretion on
the PBH scenario. The qualitative conclusions reached
in this work are not affected by this choice. In Fig. 1 we
plot the evolution of the PBH masses for GW190521 with
and without accretion.
The presence of accretion induces several effects in
the PBH population. First, it is reflected into a mod-
ification of the PBH mass distribution, which shifts to
higher masses and acquires a high-mass tail orders of
magnitude larger than its corresponding value at forma-
tion [38]. Second, it modifies in a redshift-dependent
fashion the overall fraction of PBHs in DM, scaling like
fPBH(z)/fPBH(zi) ∼ 〈M(z)〉/〈M(zi)〉 for sufficiently small
initial abundances [55]. Third, q = 1 is a fixed point
of the binary mass evolution [37], as can be easily com-
puted from Eq. (2). Finally, the infalling baryonic parti-
cles may have angular momentum which strongly affects
the geometry of the accretion flow and the PBH spins [56].
Efficient angular momentum transfer is present when an
accretion disk forms [47, 57, 58], leading to a spin growth
depending on the mass accretion as χ˙ = g(χ)M˙/M , in
terms of a function g(χ) of the adimensional spin param-
eter χ = J/M2 [37, 59–61], up to the limit dictated by
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FIG. 1. The PBH masses evolution for the event GW190521
without and with accretion (zcut-off = 10). The color bands
indicate the 90% C.L. for the masses.
radiation effects χmax = 0.998 [62, 63]. If accretion is not
effective, the PBH would retain its initial spin which, in
the standard formation scenario in radiation domination,
is around the percent level or smaller [64, 65].
PBH merger rate without and with accretion. The
PBH abundance fPBH(zi) and mass function ψ(M, zi) at
the formation epoch are the crucial ingredients to com-
pute the probability that a two-body system decouples
from the Hubble flow in the early universe and forms a
binary. Both the surrounding population of PBHs and
the density perturbations generate a torque on the bi-
nary system, which impacts the initial distribution of the
orbital parameters (namely, semi-major axis and eccen-
tricity). Following the detailed analysis in Ref. [10], one
can compute the PBH differential merger rate as
dRno-acc =
1.6 · 106
Gpc3 yr
f
53
37
PBH(zi)η
− 3437
i
(
t
t0
)− 3437 (M itot
M
)− 3237
× S (M itot, fPBH(zi))ψ(M i1, zi)ψ(M i2, zi)dM i1dM i2, (4)
in terms of the symmetric mass ratio of the binary
ηi = µ
i/M itot, defined by the total mass of the binary
M itot = M
i
1 +M
i
2 and the reduced mass µ
i = M i1M
i
2/M
i
tot,
and the current age of the universe t0. The suppres-
sion factor S accounts for the possible binary disruption
by the surrounding PBHs and matter density perturba-
tions [10]. It was shown that the merger rate is not af-
fected by fly-bys in the late-time universe [66]. There
could be an additional suppression of the merger rate
due to the disruption of binaries caused by other PBHs
forming early sub-structures. This is found to be ef-
fective only if fPBH ∼> 0.1 [10, 12] (for fPBH = 1, see
Refs. [67, 68]). However, as we will see, the value of
fPBH necessary to explain GW190521 both without and
with accretion is at least two orders of magnitude smaller.
Notice also that, for such small values of fPBH, any PBH
clustering is irrelevant [69]; similarly, according to the re-
sults of the N-body simulation performed in Ref. [70], for
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FIG. 2. Constraints on the PBH fraction in DM, fPBH, assuming a mass function derived in the scenario in which GW190521 is
the only PBH event detected so far by LIGO/Virgo. The most relevant constraints in this mass range come from the NANOGrav
experiment [84] (applicable only for PBHs formed from collapse of density perturbations and in the absence of non-Gaussianities,
see [85, 86]), CMB distortions (Planck D and Planck S) [53, 87], X-rays (XRay) [88, 89], X-ray binaries (XRayB) [90], EROS [91],
Icarus [92], radio observations (Ogle) [93], and Dwarf Galaxy Heating (DGH) [94]. Constraints on monochromatic PBH mass
functions are adapted to extended mass functions with the techniques described in [45, 95]. Left: The star indicates the PBH
abundance needed to explain the single event GW190521 in the PBH scenario without accretion. Right: Same as in the left
panel but in the scenario with accretion.
fPBH . z ·10−4, PBHs are not clustered and therefore the
stringent bounds from CMB distortions, whose relevant
physics takes place at z = (300÷600), may not be evaded
by clustering arguments.
In the LIGO/Virgo band, the fraction of PBHs which
are a result of a previous merger is about O(10−2f16/37PBH ).
This implies that the probability to undergo second-
generation mergers is almost negligible [38, 71, 72], and
therefore we neglect such a possibility.
In the case in which accretion is significant, it impacts
the coalescence duration thus enhancing the PBH merger
rate as [37]
dRacc = dRno-acc
(
Mtot(zcut-off)
Mtot(zi)
) 9
37
(
η(zcut-off)
η(zi)
) 3
37
× exp
[
12
37
∫ tcut-off
ti
dt
(
M˙tot
Mtot
+ 2
µ˙
µ
)]
. (5)
The corrective factors account for the hardening of the
binary system prior zcut-off [37, 73] and the augmented
energy loss through GW emission [74, 75], both due to
the mass accretion of each component of the binary.
There could be an additional contribution to the
merger rate coming from binaries formed in the late-time
universe. One can estimate the rate per unit time and
volume as [6, 9]
VLU ' 10−8
(
fPBH
10−3
)53/21
Gpc−3 yr−1. (6)
Evaluating the corresponding detection rate and compar-
ing it with the one due to early universe binaries for
a given PBH abundance, one concludes this additional
channel always gives a subdominant contribution. Given
the small values of fPBH, PBH clustering does not in-
crease the late-time universe merger rate [69], which we
therefore neglect from now on.
In the analysis, we will refer to the rate of events per
unit time as [76–78]
R =
∫
dzdM1dM2
pdet(z,M1,M2)
1 + z
dVc(z)
dz
dR(no-)acc
dM1dM2
(7)
where Vc(z) indicates the comoving volume per unit red-
shift. The factor pdet(z,M1,M2) accounts for the de-
tection probability of a binary averaged over the source
orientation and as a function of the Signal-to-Noise Ra-
tio (SNR). We adopt the detectability threshold to be
SNR = 8 [78], the widely used waveform model IMR-
PhenomD [79], and the O3 noise power spectral den-
sity [80, 81].
GW190521 as a single PBH event without accretion.
In this scenario the PBH mass function, parametrised as
in Eq. (1), is only determined by the considered event.
We choose the mass function to be peaked at the rep-
resentative value M∗ = 75M and with a dispersion
σ = 0.2. We have checked that different choices of such
parameters would result in a change of the merger rates
only by factors of order unity. As the rate scales in-
dicatively as R ∝ f53/37PBH , the abundance is found to be
relatively stable with respect to reasonable changes of
the mass functionf. From Eq. (4), one can estimate the
PBH abundance required to match the observed event
rate which, given the current high uncertainties [16], we
assume to beR ' 1/yr. This yields fPBH ' 1.2·10−4. The
comparison of this value with the constraints is plotted
4FIG. 3. Likelihood in the PBH mass-function parameter space M∗ and σ considering all the events released by the LIGO/Virgo
Collaboration so far. Dashed (Solid) lines correspond to 1σ (2σ) contours respectively. Left: No accretion scenario. Right:
Accretion scenario with zcut-off = 10.
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FIG. 4. Same as in Fig. 2 but using a mass function derived in the scenario in which all binary BH events detected so far are
of primordial origin. The stars indicate the PBH abundance needed to explain GW190521 in this scenario. Notice that the
bound coming from NANOGrav, which is relevant only at masses below M for a monochromatic mass function [84], is able to
constrain also extended mass functions peaked at much larger masses, provided they are wide enough, as in the case shown.
in Fig. 2, showing a tension with the constraints coming
from CMB distortions (Planck D/S).
GW190521 as a single PBH event with accretion. To
describe the effects of accretion we have considered the
representative value of zcut-off = 10. In such a scenario
the two PBHs evolve from initial masses of M i1 ' 22M
and M i2 ' 13M respectively, see Fig. 1. We have cho-
sen a representative narrow initial mass function peaked
at M∗ = 18.5M and with a dispersion σ = 0.2. The
necessary fPBH giving rise to the observed merger rate is
fPBH(zi) ' 2.5 · 10−5 (fPBH(z = 0) ' 3.7 · 10−5). The
abundance is smaller than the one found in the previous
section since accretion generally leads to an enhancement
of the merger rate, see Eq. (5). As shown in Fig. 2, this
value of fPBH is allowed by the current constraints on the
PBH abundance, also given that the latter are strongly
relaxed in the presence of accretion [55].
GW190521 as a PBH event without and with accretion
within the full PBH population. Finally, we perform a
population driven analysis assuming that all events seen
so far by the LIGO/Virgo Collaboration have a primor-
dial origin. In particular we consider O1+O2 along with
the recently released events GW190412, GW190815, and
GW190521. Following the procedure described in details
in Ref. [37], we implement a maximum-likelihood anal-
ysis to find the best-fit values for the parameters of the
PBH mass function.
In the case without relevant accretion, one finds that
the best-fit values for the mass function at formation are
M∗ = 19M and σ = 0.97. The corresponding likeli-
hood in the plane (M∗, σ) is shown in Fig. 3. The pres-
ence of the additional event GW190521 with high masses
causes a preference for a broader mass function. We do
not observe however a dramatic change in the best-fit
parameters preferred by the likelihood analysis with re-
spect to those previously found in [37]. This is expected
as GW190521 is only one newly added event out of 13
observations released to date, and it was also not partic-
ularly loud with a SNR ≈ 14.7 [16].
5Fixing the merger rate to the observed one yields a
value of fPBH = 1.3·10−3 which is already ruled out by the
(conservative) bound coming from Planck S and possibly
by NANOGrav, in the settings in which the latter may be
applicable, see caption of Fig. 4. Furthermore, with such
a PBH population, one can evaluate the observable rate
of events with masses in the mass gap and with masses
at least as extreme as GW190521, finding
R(M1,2 > 65M) ' 7 · 10−2/yr,
R(M1 > 85M,M2 > 65M) ' 2 · 10−2/yr. (8)
This proves GW190521 to be an outlier of the population
and an event of this kind would not be generally expected
in the full population scenario without accretion.
In the case with sizeable accretion up to zcut-off = 10,
the best-fit parameters are found to be M∗ = 6.5M and
σ = 0.43, see Fig. 3. The contours showing the 1σ (2σ)
confidence intervals are found to be significantly narrower
with respect to the case with no accretion. This is due to
a stronger dependence of the binary masses and merger
rates to M∗ and σ as a result of the large impact of ac-
cretion onto binaries with total mass above O(10)M.
Also in this case, the initial mass function does not dif-
fer significantly with respect to the one inferred without
GW190521.
Fixing the merger rate to the one observed by
LIGO/Virgo restrains the abundance to be fPBH(zi) '
9.7 · 10−4 (fPBH(z = 0) ' 1.0 · 10−3), which is compatible
with the current constraints, see Fig. 4. Also in this case,
one should check whether GW190521 is consistent with
the hypothesis of a full PBH population by quantifying
the merger rate of events in the mass gap (or as massive
as those observed in GW190521). We find
R(M1,2 > 65M) ' 1.1/yr,
R(M1 > 85M,M2 > 65M) ' 0.8/yr, (9)
which is compatible with the observed rate for
GW190521. Therefore, if accretion takes place during
the cosmological evolution, an event of this kind is not
only perfectly allowed, but also generally expected, in a
scenario in which all events observed at LIGO/Virgo so
far come from a coherent PBH population.
Conclusions. Motivated by the existence of a mass
gap in the spectrum of stellar-origin BHs, we have con-
ducted an in-depth analysis to understand if the recently
observed event GW190521 can be explained by the PBH
scenario. We have explored two different scenarios: the
first assumes that the recent event is the only one of pri-
mordial origin among those observed by LIGO/Virgo so
far, and the PBH mass function peaks around the masses
of GW190521; the second supposes that all GW events
observed so far are primordial and GW190521 is part of
the inferred PBH population.
We found that if accretion is negligible throughout the
PBH cosmological evolution and within the second hy-
pothesis, GW190521 would be an outlier of the popu-
lation with a corresponding merger rate orders of mag-
nitude below the observed one. Furthermore, in both
scenarios without accretion, the abundance required to
match the merger rates is always largely in tension with
the bounds coming from CMB distortions (Planck D/S)
and, within the second hypothesis, with the one possibly
coming from NANOGrav observations.
We showed, however, that accretion relaxes the ten-
sion with the upper bounds on fPBH in both scenarios al-
lowing for an explanation of GW190521 within the PBH
context. Furthermore, mergers similar to the newly dis-
covered mass gap event GW190521 and with a rate com-
patible with this observation are predicted by a PBH pop-
ulation inferred under the assumption that all events seen
by LIGO/Virgo are primordial.
Notice also that, if accretion is relevant for the PBHs,
the mass ratio should be close to unity and the individ-
ual spins should be non vanishing, with the spin of the
secondary component always bigger than the one of the
primary [37]. Even though no firm conclusion can be
drawn due to the small SNR and the large uncertainties
coming from different waveform models [96], this pattern
seems to be in agreement with the parameters measured
for GW190521. This gives strong motivation to recon-
sider the parameter estimation of this event incorporat-
ing the correct PBH-motivated prior distributions to infer
the binary parameters in the PBH scenario [97], and to
perform a Bayesian comparison between the PBH sce-
nario and astrophysical ones that may explain spinning
binaries in the mass gap, like hierarchical mergers [27–32]
or others [33, 34].
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